In the past 2 years, extraordinary developments in RNA interference (RNAi)-based methodologies have seen small interfering RNAs (siRNA) become the method of choice for researchers wishing to target specific genes for silencing. In this review, an historic overview of the biochemistry of the RNAi pathway is described together with the latest advances in the RNAi field. Particular emphasis is given to strategies by which siRNAs are used to study mammalian gene function. In this regard, the use of plasmid-based and viral vector-based systems to mediate long-term RNAi in vitro and in vivo are described. However, recent work has shown that non-specific silencing effects and activation of the interferon response may occur following the use of some siRNA and delivery vector combinations. Future goals must therefore be to understand the mechanisms by which siRNA delivery leads to unwanted gene silencing effects in cells and, in this way, RNAi technology can reach its tremendous potential as a scientific tool and ultimately be used for therapeutic purposes.
Introduction
A number of technologies have been used in an attempt to mediate the down-regulation of gene expression. For example, anti-sense oligonucleotides and ribozymes have been used for more than a decade to target specific RNAs for degradation. Although these methods worked satisfactorily in some simple experimental models, they have generally not delivered effective gene silencing in complex mammalian systems. However, in the past 2 years, extraordinary developments in RNA interference (RNAi)-based methodologies have seen small interfering RNAs (siRNAs) become the primary means by which most researchers attempt to target specific genes for silencing. RNAi was first discovered in Caenorhabditis elegans, when it was noted that introducing a double-stranded RNA (dsRNA) that was homologous to a specific gene resulted in the post-transcriptional silencing of that gene. The obvious therapeutic potential of RNAi resulted in rapid elucidation of its mechanism of action and it is now known that gene silencing is mediated via two main steps: (i) the dsRNA is initially recognised by an enzyme of the RNase III family of nucleases, named Dicer, and processed into small double-stranded molecules, termed siRNA and (ii) the siRNAs are bound by the RNA-induced silencing complex (RISC), which is a multi-protein complex (with RNase activity) that guides the targeted RNA to degradation. Although early investigations found that the introduction of long dsRNA had the potential to mediate the down-regulation of any gene, it was also found that in mammalian cells an anti-viral interferon response (IR) that resulted in the cessation of all protein synthesis was also elicited. Synthetic siRNAs (21-23 nucleotides in length) were shown not to elicit this IR and have hence been used in studies of mammalian gene function. More recently, plasmid and viral-based expression of small hairpin RNAs (shRNA) have been developed; these methods allow for longer-lived gene silencing effects and the use of viral vectors facilitates the use of RNAi in neuronal cells. Finally, comparing the activity of transfected siRNAs and virally delivered shRNAs shows that the efficacy of the RNAi effect is highly dependent on the cellular environment.
The cell biology of the RNAi pathway
The first step in the RNAi pathway involves the processing of large dsRNAs into small, 21-23 nucleotide long siRNA molecules (Zamore et al. 2000 , Elbashir et al. 2001 . Initial studies in Drosophila showed that an RNase III enzyme (known to recognise dsRNA and reviewed in Conrad & Rauhut 2002) was responsible for this processing and that the siRNAs possessed 3 hydroxyl and 5 phosphate groups and, importantly, a 3 overhang of two unpaired nucleotides on each strand (Elbashir et al. 2001) . A specific RNAase III enzyme was then found to be responsible for cleaving the dsRNAs and was named Dicer . The sequence homology and functional studies that followed led to the identification of Dicer homologues in Arabidopsis (Golden et al. 2002) , Dictyostelium (Martens et al. 2002) , fission yeast (Provost et al. 2002b) , C. elegans (Ketting et al. 2001) , mouse (Nicholson & Nicholson 2002) and human (Provost et al. 2002a , Zhang et al. 2002 .
A proposed model for the action of Dicer involves the ATP-dependent translocation of the enzyme along its dsRNA target. The efficiency with which Dicer cleaves a particular dsRNA molecule has also been shown to be directly proportional to the length of the target, since the longer the dsRNA, the greater the amount of siRNA produced and hence the more potent the silencing effect ). This size limitation may prevent Dicer binding to small intramolecular base-paired regions of endogenous mRNAs. Human Dicer-mediated cleavage of dsRNA is thought to occur sequentially, beginning at the termini of the dsRNA, and by the excision of small dsRNA fragments of a defined length (Ketting et al. 2001 , Zhang et al. 2002 .
Following the cleavage of dsRNA into siRNAs by Dicer the second important stage of mRNA degradation occurs. This is mediated by a protein complex with nuclease activity known as RISC which is guided to its target RNA by siRNA (Hammond et al. 2000) . This guide role of siRNA was proposed after the observation that dsRNA would only lead to the degradation of an mRNA with a homologous sequence, leaving the rest of the RNA in the cell unaffected. Moreover, it was shown that both siRNA and protein were required to mediate cleavage of the target (Hammond et al. 2000) . Following the initial discovery of the existence of a ribonucleoprotein complex as a mediator of RNAi, the components and mechanism of action of RISC began to be elucidated and both inactive and active forms of RISC complex (the active termed RISC*) were found. Nykanen et al. (2001) found that a second ATP-dependent step was involved in the pathway and showed that following unwinding of the siRNA duplex, RISC was converted to RISC*. In a separate seminal study, RISC* was found to be associated only with the antisense strand of the siRNA (Martinez et al. 2002) . Hence, although the siRNA needs to be double stranded in order to be efficiently recognised and bound to RISC, the two siRNA strands must unwind before RISC becomes active. Accordingly, it was concluded that either the RISC complex has ATP-dependent helicase activity or a helicase enzyme is associated with RISC. The efficient cleavage of the target mRNA by RISC was also shown to be dependent on the phosphorylation of the 5 siRNA duplex (Nykanen et al. 2001 , Martinez et al. 2002 .
In non-mammalian cells, there is evidence that an alternative branch of the RNAi pathway that results in the amplification of the original message can account for the efficiency of gene silencing (Sijen et al. 2001) (Fig. 1 ). In this case, the unwound siRNA no longer acts as a guide to bring RISC to the target mRNA but merely as a primer for an RNA-dependent RNA polymerase (RdRP), which uses the target mRNA as a template to produce new dsRNA. This can subsequently be recognised and cleaved by Dicer, thus re-entering the RNAi pathway and initiating a new round of silencing. Therefore, not only is the mRNA targeted via the specific oligonuclotide sequence (and hence gene expression silenced) but also new dsRNAs arising from the entire mRNA sequence are created and thus amplify the original RNAi trigger. Several RdRPs participating in RNAi have been identified When dsRNA enters the cell, it is recognised by the enzyme complex Dicer (with the aid of accessory protein factors, such as RDE-1 and -4) and cleaved to yield siRNA. The siRNAs then bind to a multiprotein complex to form the RISC. Activation of the RISC is accompanied by the unwinding of the siRNA duplex, and one strand of the siRNA then guides RISC to the target mRNA (which is cleaved by RISC nuclease activity). Alternatively, in the cells of some organisms (such as C. elegans) the siRNA might also unwind, bind to the target mRNA and serve there as primers for an RdRP. RdRP extends the primer, so that the mRNA becomes double stranded and hence cleavable by Dicer, so as to initiate a new cycle of siRNA production. in fungi, plants and invertebrates (Cogoni & Macino 1999 , Dalmay et al. 2000 , Mourrain et al. 2000 , Smardon et al. 2000 , Sijen et al. 2001 , Martens et al. 2002 . However, evidence to suggest that a similar amplification mechanism is present in mammalian cells has not yet been found.
Gene inhibition due to microRNAs (miRNA) miRNAs are short RNA molecules that prevent gene expression by inhibiting translation (Lagos-Quintana et al. 2001 , reviewed in Grosshans & Slack 2002 . The first two miRNAs to be studied were let-7 and lin-4, which control the expression of genes involved in developmental timing in C. elegans and Drosophila and hence were therefore also named small temporal RNAs (Lee et al. 1993 , Olsen & Ambros 1999 , Reinhart et al. 2000 . miRNAs are initially transcribed as hairpin structures (pre-miRNA) and are then processed to yield mature (single-stranded) miRNA (Grishok et al. 2001 , Lagos-Quintana et al. 2001 , Lau et al. 2001 , Mourelatos et al. 2002 . This maturation step was shown to be catalysed by Dicer in a number of organisms (Grishok et al. 2001 , Hutvagner et al. 2001 , Ketting et al. 2001 , although with the aid of co-factors distinct from the RNAi pathway (Grishok et al. 2001 , Tabara et al. 2002 . The mature miRNA can then bind to the 3 -UTRs of their corresponding mRNAs, although their complementarity to the targets is not perfect as is the case for siRNA (Provost et al. 2002b) . A RISC-like complex was also shown to participate in the miRNA pathway (Hutvagner & Zamore 2002) . The RNAi machinery -and especially RISC -is also thought to be involved in mediating hetrochromatic and transposon silencing (Ketting et al. 1999 , Volpe et al. 2002 , Schramke & Allshire 2003 . Dicer and RISC can therefore be perceived as two central points, where several molecular pathways controlling gene expression converge.
Developing RNAi for use in mammalian cells siRNAs
RNAi induced by long dsRNA has been used to study gene function in plants, worms and Drosophila. However, when dsRNAs more than 30 bp in length were used to study mammalian gene function it was noted that there was an inhibition of protein translation within the cell due to the activation of the interferon (IFN) system (one of the body's defences against viral infection) (Provost et al. 2002a) . Over 100 cellular genes can be activated by IFNs and some encode enzymes that are dsRNA-binding proteins. This includes protein kinase R (PKR) which phosphorylates and inactivates eukaryotic initiation factor 2 and hence inhibits mRNA translation (Manche et al. 1992) . Therefore, to apply RNAi technology to studies using mammalian systems (without inducing an IFN response) the silencing pathway had to be induced without the use of long dsRNA. Since synthetic 21-22 bp-long siRNAs could bypass the initial Dicer step, while retaining the ability to mediate gene silencing in Drosophila, they were used in studies using mammalian cells. Numerous studies have now shown that synthetic siRNAs can be used to silence both exogenous and endogenous gene expression in mammalian cells (Fig. 2) . Synthetic siRNAs are now used in most investigations of gene expression and a number of methods of production are used (see below). At present, however, identifying the best target sequence is currently a process of trial and error, and a number of siRNAs must be tested against different sites on a particular mRNA. Nonetheless, it is recommended that the first 75-100 nucleotides of any mRNA be avoided as potential target sites, since they may contain protein-binding regulatory sequences (5 -UTR) that could interfere with the action of siRNA (Elbashir et al. 2002) . Further studies to date have attempted to provide clues so as to rationalise siRNA design. Intriguingly, it was reported that sequence preference meant that only one strand of the siRNA duplex was incorporated into RISC* (Schwarz et al. 2003) . It would therefore be desirable to design the siRNA duplex so that the antisense strand is the one to be preferentially used by RISC. Thus, it has been shown that when siRNA are thermodynamically unstable (A/U rich) or even contain mismatches towards the 5 end of the antisense strand, then that strand is preferentially used by RISC resulting in more efficient silencing (Khvorova et al. 2003 , Reynolds et al. 2004 , Ui-Tei et al. 2004 .
Although chemical synthesis provides a quick and easy way of obtaining siRNA, a more cost-effective 'do-it-yourself' method has been developed. It was based on the in vitro transcription of the two siRNA strands, from DNA oligonucleotide templates (Donze & Picard 2002 ) (see Fig. 3 ). These templates simply consisted of a sequence complementary to the T7 RNA polymerase promoter followed by a sequence complementary to either the sense or antisense siRNA strand. A second oligonucleotide consisting of the T7 promoter coding sequence was then annealed so that the T7 region became double stranded. This enabled the transcription of the sense or antisense siRNA strand by T7 RNA polymerase and, finally, the two transcribed strands were annealed to form the siRNA. siRNAs produced by this method have since been successfully used against a variety of mRNA targets (Capodici et al. 2002 , Sohail et al. 2003 .
siRNAs are designed to be perfectly complementary to their targets and it was suggested that a one nucleotide difference between the antisense strand of the siRNA and the target mRNA could abolish siRNA activity (Chiu & Rana 2002) . However, it has also been demonstrated that, depending on the position of the mismatch, siRNA activity is affected to different degrees, and in some cases there is enough activity left to mediate significant silencing (Miller et al. 2003 , Jackson et al. 2003 . The degree of homology required between the siRNA and its target has been investigated using microarray This region is optimally 21 nucleotides long (although siRNAs of 19-22 bp have also been successfully used) and it should begin with a double adenine residue (so as to be complementary to the double U overhang of the siRNA antisense strand). The siRNA itself is double stranded (sense and antisense) comprising a 19 residue base-paired region with a double uridine, single-stranded overhang on each side of the siRNA. The antisense strand (which is actually used by RISC) is complementary to the target sequence. Note that the overhang of the sense strand does not correspond to the target sequence but is designed to be identical to the antisense strand overhang. In synthetic siRNA, the double U overhangs are sometimes replaced by double dT to make the siRNA more stable in the cell. Once the siRNA enters the cell, the 58 ends of each strand are phosphorylated and this is thought to be essential for siRNA-mediated silencing.
technology. In these studies, an siRNA designed against a specific gene was used to transfect cell lines and, subsequently, the expression of tens of thousands of genes was observed and compared with that of non-transfected controls. Jackson et al. (2003) reported that a number of genes were non-specifically down-regulated. Importantly, almost every one of these genes possessed regions Using this approach, transcription templates are first designed as deoxyoligonucleotides, each including a sequence complementary to the T7 promoter region, followed by a sequence complementary to either the sense or antisense siRNA strand. A separate oligonucleotide containing the T7 promoter sequence is then annealed to each template oligonucleotide. Transcription of each strand is subsequently driven in vitro by the now double-stranded T7 polymerase promoter, with the help of T7 polymerase. The two transcripts are finally annealed to each other to form the siRNA.
that exhibited considerable (yet not perfect) homology to the siRNA and as little as 11 consecutive complementary nucleotides were in some cases enough to cause a non-specific effect. These findings could, at least in part, be explained by siRNAs being able to enter the miRNA pathway where perfect homology to the target mRNA is not necessary (Doench et al. 2003) . Importantly, under certain conditions short single-stranded RNAs (ssRNAs) and siRNAs have now also been shown to activate the IFN system (Sledz et al. 2003 , Kim et al. 2004 ). Furthermore, siRNAs expressed from both plasmid DNA and lentiviral vectors as hairpins (see below) were also shown to trigger an IFN response (Bridge et al. 2003) . Intriguingly, Kim et al. (2004) found that removal of the 5 triphosphate of the (ssRNA) transcripts prevented this activation and these findings therefore suggested that the IFN could be circumvented. The phosphorylation status of the 5 and 3 ends of the two strands of siRNA, although an important factor, has not been of major concern during the siRNA design. This is because commercially available siRNA have free hydroxyl groups at their 5 ends, which are phosphorylated intracellularly. Moreover, synthetic siRNAs are designed to have a double uridine (or deoxy-thymidine) overhang at the 3 end of each strand as this composition is the most efficient at mediating silencing (Elbashir et al. 2001) . In summary, the optimal siRNA has a 19 bp double-stranded region with 2-deoxy-thymidine/ uridine overhangs at each of its strands' 3 ends. Hence the target sequence always begins with two adenine residues (i.e. complementary to the double uridine overhang of the antisense strand of the siRNA).
shRNAs Synthetic siRNAs do not have long half-lives once transfected into cells and inhibition of the target genes is correspondingly short lived. To increase the length of siRNA expression, eukaryotic polymerase III (PolIII) promoters were used to express siRNA from expression cassettes. The strategy (Fig. 4A) involved the cloning of a sequence coding for the sense strand of the siRNA of interest, followed by a spacer and then the equivalent to the anti-sense strand, which ended in a series of 5 U residues. The inclusion of the spacer in the sequence mediated the formation of a hairpin structure, which allowed the sense and antisense sequences to form base pairs. The eukaryotic H1 and U6 PolIII promoters were used to drive expression of these shRNAs as they possess characteristics which make them suited to drive the expression of siRNAs: (i) they initiate from position +1 of the transcripts and (ii) the transcripts do not terminate with a poly-A tail but with a series of four to five thymidine residues, which results in a series of 3 U residues (Brummelkamp et al. 2002a ). This means that a fully functional shRNA sequence can be transcribed since it will not contain any inhibitory 5 nucleotide sequences and it can be designed to end in a uridine dimer. Indeed, the structure transcribed closely resembles the synthetic double-stranded siRNA, but with the two strands linked by a spacer sequence. This system has now been used to successfully inhibit gene expression in mammalian cells lines, with efficiencies comparable with that of synthetic siRNA. In a slightly different approach, the two siRNA strands were transcribed separately from two U6-based transcription cassettes included in the same or different vectors. The two strands were then shown to anneal within the cell to form an siRNA (see Fig. 4B ) (Lee et al. 2002) . Interestingly, it was reported that this method of expressing siRNA results in less potent gene silencing than when a hairpin siRNA (shRNA) is expressed (Miyagishi & Taira 2003) .
Experiments using PolIII promoter-based expression led to some interesting findings, suggesting optimal cassette design and mechanism of action. Thus, Brummelkamp et al. (2002a) showed that a nine base-long loop sequence mediated optimal transcript expression and that following expression the loop sequences were processed so that the siRNA strands were no longer connected by the loop region. This suggested that the active biological product was an siRNA. Other loop sequences and lengths have also been successfully used. For example, when an siRNA hairpin was designed so as to contain the miR-30 human miRNA loop (instead of a loop of random sequence) silencing activity significantly improved (Zeng et al. 2003 , Boden et al. 2004 ). Furthermore, hybrid promoters have recently been developed aimed at improving or allowing regulated siRNA expression; in one study, the cytomegalovirus (CMV) enhancer sequence either upstream or downstream of the U6 promoter .
Figure 4
Basic siRNA expression cassettes. (A) U6 or H1 PolIII promoters drive the expression of a hairpin structure in which the sense and antisense strands of the siRNA are connected by a loop sequence. The addition of the oligo-T, PolIII transcription termination signal at the 38 end of the cassette also ensures that the transcript has an oligo-U overhang at its 38 end. There is evidence that the transcribed hairpin is processed within the cell to give a genuinely double-stranded siRNA. (B) Two U6-or H1-based expression cassettes are used to drive the separate transcription of the sense and antisense strands in the cell. The two strands would then anneal to form a double-stranded siRNA. An oligo-U overhang is present on each strand. (C) A PolII promoter (a shortened version of the human CMV) drives the expression of a hairpin siRNA. The transcript includes extra nucleotides at its 58 end and a poly-A tail (instead of an oligo-U) overhang at the 38 end.
In both cases -and regardless of the enhancer's orientation -the silencing of the target gene observed was significantly greater than that mediated by the unmodified U6 promoter. Furthermore, an inducible system for siRNA expression under the control of PolIII promoters has been developed (van de Wetering et al. 2003) . In this case, the Tet operator (tet-O) sequence was used to replace a non-essential part of the H1 promoter. The resultant cassette was used to stably transfect cell lines. It was then shown that the expression of siRNA and hence silencing was dependent on the presence of tetracycline (or doxycycline) in the cells' culturing medium.
shRNA libraries that can also target every gene for silencing have been constructed recently. This technology involves ligating a large number of diverse shRNA-expressing inserts corresponding to a large number of genes to suitable vectors and then screening the resultant constructs for silencing activity (Berns et al. 2004 , Hsieh et al. 2004 , Miyagishi et al. 2004 . Some research groups have also described the creation of siRNA libraries against specific genes (or genomes) where the shRNA-expressing inserts are derived from enzymatically processing the cDNA of the gene of interest (or a cDNA library respectively). The result is the creation of multiple vectors expressing shRNAs against target sites spanning the length of the gene (or genome) so that the most efficient ones can subsequently be selected (Luo et al. 2004 , Sen et al. 2004 , Shirane et al. 2004 ).
Virally-mediated delivery of shRNAs
Viral vectors carrying siRNA expression cassettes have been developed in an attempt to achieve delivery to a range of cell types (including neurones) and longer-term expression, leading to a more persistent silencing effect. Adenoviral vectors expressing siRNAs from a PolII-based promoter (Xia et al. 2002) and PolIII promoters have been used leading to the reduction of p53 levels in MCF-7 and A549 cells (Shen et al. 2003) . Recently, an adeno-associated viral vector, bearing either an H1-or a U6-hairpin siRNA casette, was used to inhibit expression of caspase-8 in HeLa-S3 cells (Tomar et al. 2003) . Interestingly, in this study, only the U6-based cassette was effective at downregulating the levels of the target mRNA and corresponding protein. Retroviral vectors harbouring siRNA expression cassettes have also been described. In one study, an H1-siRNA cassette was placed either within the 3 long terminal repeat (LTR) of a self-inactivating retroviral vector (bearing a deletion in the U3 region of the 3 LTR) or between the two LTRs (Barton & Medzhitov 2002) . The former construct had the advantage that the integrated provirus, derived from the viral vector, had an extra copy of the expression cassette in its 5 LTR. This was due to the process of reverse transcription, during which the 3 LTR serves as a template for the generation of the 5 LTR. Both types of constructs were successful at down-regulating endogenous p53 in mammalian cells lines. In another case, a retrovirus carrying an H1-based cassette successfully silenced a mutant (but not the wild-type) form of K-Ras in CAPAN-1 cells. The siRNA-treated cells lost their ability to cause tumours when injected into athymic nude mice (Brummelkamp et al. 2002b) . Lentiviral vectors have also been used to transfer siRNA into cells. A self-inactivating lentiviral vector was created that expressed a hairpin siRNA targeted against enhanced green fluorescent protein (EGFP) under the control of the H1 promoter (Abbas-Terki et al. 2002) . The vector was used to infect a cell line stably expressing EGFP and was found to successfully mediate silencing of EGFP expression. Remarkably, silencing persisted in the infected cells for at least 3 weeks from its onset. Lentiviral delivery of siRNA was also utilised to inhibit gene expression in vivo (Tiscornia et al. 2003) . Mouse blastocysts, stably expressing EGFP, were transfected with a lentiviral vector expressing an anti-EGFP hairpin siRNA under the control of the H1 promoter. The successfully transfected blastocysts gave rise to mice in which EGFP expression was significantly reduced and, furthermore, the silencing effect was noted to persist in some of the progeny of these mice. Figure 5 Comparison of the silencing efficacy of transiently and adenovirally delivered siRNA in different cell types. HeLa, PC-3 and T3 cells were transfected with either in vitro transcribed anti-luciferase siRNA (using a lipid-based transfection reagent) or with an adenoviral vector expressing the corresponding anti-luciferase shRNA under the control of the U6 promoter (Ad-U6-shRNA). A scrambled (random sequence) siRNA (or shRNA) was used as a control. The cells were also transduced with an adenoviral vector expressing the target firefly luciferase (luc) mRNA. Forty-eight hours later, the cells were harvested and luciferase activity assayed. Data are presented as percentages (means±S.D.) of luciferase activity in the absence of siRNA or Ad-U6-shRNA (n=4). *P,0·05 and **P,0·001 compared with scrambled siRNA (t-test).
Cell-type dependence on the efficiency and specificity of siRNA after transient or vector-based delivery
typically siRNAs have been designed and tested in the single experimental cell line used for that study and the possibility that differing cellular environments may alter the efficacy of the siRNA-mediated silencing has not been extensively tested. To investigate this possibility six anti-luciferase siRNAs were designed and synthesised and tested in HeLa cells. The anti-luciferase siRNA most effective at inhibiting luciferase expression was then tested in a number of neuroendocrine cell lines. Furthermore, the same anti-luciferase siRNA sequence was used to make an shRNA, which was expressed via an adenoviral U6 vector. The results obtained (Fig. 5) show that the synthetically synthesised antiluciferase siRNA was highly effective at inhibiting luciferase activity when transfected into HeLa cells (transduced with the luciferase target). However, the presence of siRNA in PC-3 cells led to strong non-specific effects, as shown by the significant down-regulation of luciferase expression in the presence of the scrambled siRNA. In contrast, the transfection of the anti-luciferase siRNA into T3 cells caused extensive toxic effects and death within a 24-h period. This was true even at the lowest siRNA concentration used (1 nM) and the effect was not due to the transfection reagent as toxic effects were almost absent in cells treated with the reagent only. Equally differing results were obtained when the anti-luciferase shRNA (note that this was the same sequence as the siRNA apart from the inclusion of the 9 bp spacer sequence) under the control of the U6 promoter was delivered using an adenoviral vector. Figure 5 shows that, in this case, no inhibition of luciferase was seen in PC-3 cells, only modest inhibition of luciferase activity was obtained in HeLa cells and strong inhibition of luciferase was mediated in T3 by the active anti-luciferase shRNA and the shRNA scrambled control. Since adenoviral vectors can transduce all of these cell types with approximately equal efficiency, the difference in the results is unlikely to be due to shRNA expression levels. Instead, critical factors in determining the effectiveness of the shRNA may possibly be the concentration of Dicer enzyme (which may cleave the shRNA) and the IFN response (IFR) elicited by the adenoviral shRNA construct. If there was a significant IFR (where activation of the PKR pathway leads to indiscriminate down-regulation of gene expression) then PC-3 cells would appear especially prone to this non-specific effect, as similar concentrations of siRNA in other cell types have been shown in the past to mediate only specific silencing (e.g. Elbashir et al. 2001) . The cellular level of Dicer and the IFR could also presumably influence the effectiveness of siRNA following transfection into the different cell types. However, in this case the differential efficiency of transfection and toxicity of the lipid-based reagents may also play major roles in determining the intracellular concentration of the siRNA and thereby its effectiveness.
Although these results have only been observed in a small number of cell lines they do highlight how the cellular environment can affect both the efficiency and specificity of shRNAs. Careful optimisation is therefore needed to achieve the desired balance between these two factors, while at the same time eliminate potential toxic effects caused by increased concentration of the siRNA in the cell.
Conclusion
RNA interference and related phenomena began to be studied as a part of the biology of mainly lower organisms (such as Neurospora or C. elegans) or plants. Subsequently, however, it was discovered that equivalent cellular pathways exist in mammalian cells. As the study of these pathways progressed, it was soon evident that RNAi, more specifically, siRNA could be utilised as a tool to study mammalian gene function as it allowed downregulation of gene expression, hence providing a simple alternative to creating cell lines or transgenic animals with knock-out phenotypes. To facilitate these studies of gene function, a number of techniques aimed at easing the synthesis and screening of synthetic siRNA have been developed. Examples include the T7-driven in vitro transcription of siRNAs and the development of prescreened siRNA libraries. With the advent of vector-based systems for the expression of shRNA, many of the problems associated with siRNA delivery, e.g. low transfection efficiency and inappropriate subcellular localisation, have also begun to be solved. In parallel, viral vector-based systems allow the silencing effect of the shRNA to be prolonged and used in animal in vivo models. However, for RNAi technology to reach its full potential as a scientific tool and possibly be used for therapeutic purposes, a mechanism to avoid the non-specific silencing effects and activation of the IFN response must be found.
